Disturbance of the balance between the production of reactive oxygen species such as superoxide; hydrogen peroxide; hypochiorous acid; hydroxyl, alkoxyl, and peroxyl radicals; and antioxidant defenses against them produces oxidative stress, which amplifies tissue damage by releasing prooxidative forms of reactive iron that are able to drive Fenton chemistry and lipid peroxidation and by eroding away protective sacrificial antioxidants. The body has a hierarchy of defense strategies to deal with oxidative stress within different cellular compartments, and superimposed on these are gene-regulated defenses involving the heat-shock and oxidant stress proteins.
Indexing Terms: oxidative stress/hydroxyl radicals/superoxide dismutase/reactive iron/ceruloplasmin/vitamin E
Reactive Oxygen Species
Oxygen exists in air as a molecule (02) known as dioxygen or molecular oxygen. It was first isolated and characterized between 1772 and 1774 by the individual skills of Priestley, Lavoisier, and Scheele. Dioxygen, hereafter referred to as oxygen, appeared in significant amounts on the surface of Earth -2.5 X 10#{176} years ago, and geological evidence suggests that it was created by the photosynthetic activity of microorganisms (bluegreen algae). The slow and steady rise in atmospheric oxygen concentration was accompanied by the formation of the ozone layer in the stratosphere.
Both oxygen and the ozone layer were critical filters against the intense solar ultraviolet light reaching the surface of Earth. The universe exists predominantly of hydrogen and helium, with Earth as a unique center of oxidation in an otherwise reducing universe. The percentage of oxygen in dry air is now -2 1%, making it, after nitrogen (78%), the second most abundant element in the atmosphere.
However, the amount in the air is negligible when compared with the oxygen present as part of the water molecule in oceans, lakes, and rivers and as part of mineral reservoirs in Earth's crust, where it is by far the most abundant element. When Earth's atmosphere changed from a highly reducing state to its present oxygen-rich state, anaerobic life forms ceased to exist or retreated to places where oxygen was excluded. The slow change from anaerobic to aerobic life necessitated the evolution of specialized antioxidants to protect against the toxic properties of oxygen. Aerobic life uses oxygen to oxidize (burn) carbon-and hydrogen-rich substrates (foods) to obtain 
H202 + e -OW + 0H (hydroxyl radical)
#{149}OH + e + H -*H20 (4) Under normal conditions oxygen is a stable, odorless, tasteless,and colorlessgas of limited solubility in water, 3 volumes of gas dissolving in 100 volumes of water. This limited solubility is vital to aquatic life and essential for normal respiratory functions in humans. The air dissolved in water contains a higher percentage of oxygen (34%, because the solubility of nitrogen is -2 volumes per 100 volumes of water) than does dry air (21%). When compared with the other elements, oxygen has the third highest electron affinity and should be considerably more reactive than it is observed to be. Its reactivityis masked because oxygen contains two unpaired electronswith the same spin quantum number (parallel spin), and only when this spin restriction is overcome can the true reactivity of oxygen be expressed.
When oxygen is reduced by the stepwise addition of The redox properties of H2O2 and its ability to form highly reactive free radicals in the presence of transitionmetal ions have necessitatedthe evolutionof body defenses against it.Unwanted H2O2 is removed from cells by the action of catalase, glutathione peroxidase (selenium containing), and certain other peroxidases.
Hydroxyl Radicals
The hydroxyl radical COH) is a major product arising from the high-energy ionization of water (radiolysis)
(aq, aqueous) Most ofour definitive knowledge about the hydroxyl radicalderivesfrom studiesby radiationchemists who, by convention, show the unpaired electron on the hydrogen atom, i.e., 0H. This is incorrect because the unpaired electron is on the oxygen atom. The 0H radical is an extremely aggressive oxidant that can attack most biological molecules at an almost diffusioncontrolledrate.
During the 1890s, the 
Singlet Oxygen
Singlet oxygen (1g 02) is not a free radical because it does not contain an unpaired electron.Nevertheless, itisa highly reactiveform of oxygen in which the spin restriction (two unpaired electronswith parallelspins) is removed, thereby increasing its oxidizing ability. In addition to 1g 02, another form of singlet oxygen exists ('g).
However, this state is extremely energetic and rapidly decays to the 'ig form in biological systems.
Formation of singlet oxygen is extremely important in photochemical reactions.
Ozone
The pale blue gas ozone (03) 
Oxides of Nitrogen
Nitric oxide (NOV) and nitrogen dioxide (NO2) contain odd numbers of electrons and are therefore free radicals, whereas nitrous oxide (N2O) does not. NO2 is a dense brown poisonous gas and a powerful oxidizing agent. N0, on the other hand, is a colorless gas and a weak reducing agent. It was first recognized as a distinct gas in 1772 by Joseph Priestley, who prepared an iron complex of it. Biological interest in N0 has centered around the observation that the vascular endothelium and other cellsin the body produce small amounts of the gas from the amino acid L-arginine 
The hydroxyl radical is the most powerful oxidant formed in biological systems and can readily attack any biological molecule. Hydroxyl radicals can attack polyunsaturated fatty acids to initiate lipid peroxidation.
Some Chemistry of Lipid Peroxidation
The preservation and storage of fats and oils has intrigued mankind since ancient times. Fats and oils oxidize with characteristic changes in texture, color, taste, and odor. This process, known as rancidity, was chemically defined in the 1940s as an autoxidative free-radical chain reaction (9). The free-radical oxidation of polyunsaturated fatty acids in biological systems is known as lipid peroxidation.
The detection and measurement of lipid peroxidation is the evidence most frequently cited to support the involvement of free-radical reactions in toxicology and disease. Many techniques are available to measure the progress of oxidation, but none is applicable to all circumstances [reviewed by Gutteridge and Halliwell (10) and summarized in Table 1 ]. First-chain initiation of a peroxidation sequence in a membrane or polyunsaturated fatty acid results from the attack by any species with sufficient reactivity to abstract a hydrogen atom (if) from a methylene group. Because a hydrogen atom contains only one electron,abstraction leaves behind an unpaired electron on the carbon, -CH-.
The presence of a double bond in the fatty acid weakens the C-H bonds on the carbon atom adjacent to the double bond and thus facilitates if removal. Hence, the polyunsaturated fatty-acid side chains of membrane lipids are particularly sensitive to peroxidation. The carbon-centered radical undergoes a molecular rearrangement to form a conjugated diene ( Fig. 1 Greater sensitivity and specificity can be gained by measuring second-derivative spectra.
Serious problems can arise when used on human body fluids.
Octadeca-9,1 1-dieonic acid Linoleic acid isomer
This isomer accounts for most of the diene conjugation present in human plasma and tissues but has not been produced in oxidatively stressed animal and model lipid systems. Present in foods and appears to be produced by microbial metabolism of linoleic acid. A single isomer of one polyunsaturated fatty acid is more indicative of an enzymic reaction than random free radical attack. Nitrone adducts of reactive
Spin trapping
Spin traps allow the formation of stable nitroxides, which can be examined by electron spin short-lived free radicals resonance. Spin traps can be used in animal experiments in vivo to detect carbon-centered radicals as well as alkoxyl and peroxyl radicals. F2-isoprostanes GC-MS HPLC Peroxidation of polyunsaturated fatty acids produces a complex mixture of nonspecific prostaglandin isomers. Recentlya series of bioactive prostaglandin F2-Iike compounds were discovered to be produced independently of cyclooxygenase activity by free radical peroxidation of arachidonic acid.
No singlemethod is adequate for all stages of lipid peroxidation in a biological system, and few have the desired specificity. GC, gas chromatography; MS. mass spectrometry; GSH, glutathione; GSHPx, glutathione peroxidase; GSSG, oxidized glutathione; UV, ultraviolet; TBARS, thiobarbituric acid-reactive substance. and that this species might contribute to the chain reaction by causing more initiation(17).
Importance of Iron in Lipid Peroxidation
Most senior workers studying lipid peroxidation agree about experimental data but question the descriptive terminology used, particularly the word "initiation." In my view, initiation should be used only for the first-chain initiation, whereas peroxide decomposition reactions, to start a new chain reaction, would be better described as "stimulation," or "acceleration," of lipid peroxidation. 
Initiation of Peroxidation by Ferrous Ions

LH+DH-t.U+H20 (17)
There is, therefore, no reason why superoxide-dependent Fenton chemistry should not also initiate lipid peroxidation in this way. 
Stimulation of Peroxidation by Iron Complexes
The most important point to consider when attempting to study initiation reactions is the purity of the lipid preparation.
As 
Types of Biological Lipid Peroxidation
Nonenzymic Lipid Peroxidation
As we have described, any free radical (If) with sufficient energy to abstract a hydrogen atom from a methylene carbon of an unsaturated fatty acid (LH) can initiate a chain reaction in bulk lipid (Fig. 1) When LDL antioxidants such as vitamin E, n-carotene, lycopene, and phytofluene are fully depleted, the lag phase (1 h) ends, and peroxidation accelerates by propagation (1 h) and continues for several hours as the decomposition reaction produces aldehydes (33) responsible for cytotoxicity and macrophage uptake of LDL. All the vitamin E present in LDL is consumed during the first10 mm of the lag phase, (Table 2 ). Enzymes such as the SODs rapidly promote the dismutation of superoxide into hydrogen peroxide and oxygen at a rate considerablyfasterthan it occurs uncatalyzed (Eq. 6) (2, 39).
H2O2, a product of the dismutation reaction,can be destroyed by two enzymes, catalase (Eq. 21) and glu-
Antioxidants as Markers of Oxidative Stress
The term antioxidant is frequently used in the scientific literature but is rarely defined with a strong implication that it refers to chemicals with chainbreaking properties such as vitamin E (a-tocopherol) and vitamin C (ascorbic acid). I take a much broader view than this and define an antioxidant as any substance that, when present at low concentrations, compared with those of the oxidizable substrate, considerably delays or inhibits oxidation of the substrate. 
